The effect of various primary and secondary bile acids on the rates of synthesis of all major bile acids was studied in the live rat with an extracorporal bile duct. Bile acid synthesis was determined using HPLC based on mass or by isotope dilution. Derepressed rates of bile acid synthesis (30-54 h) were inhibited by an infusion of taurocholic acid only at a supraphysio- 
Introduction
The classical view that the rate of bile acid synthesis is under the control of bile acids returning to the liver via the portal vein is based on a large body of evidence. For example, both bile acid synthesis and its rate-limiting enzyme, 7a-hydroxylase, were suppressed when rats were administered a variety of bile acids through dietary, intraduodenal, or intravenous routes (1) (2) (3) (4) (5) (6) (7) . This mechanism explained the rapid predominance in bile of any administered bile acid (8) . During partial or total interruption of the enterohepatic circulation of bile acids with cholestyramine or bile diversion bile acid synthesis increased (9) (10) (11) (12) due to apparent derepression. These data obtained in rats were confirmed by work in primates (13, 14) and in humans (15) (16) (17) (18) (19) (20) (21) (22) (23) using both bile acid depletion and administration.
However, agreement in the field on the existence of this feedback regulation of bile acid synthesis has not been universal. First, bile acids failed to regulate their rates of synthesis both in isolated (24) and cultured (25, 26) hepatocytes. Second, several in vivo studies in the rat, hamster, and man also were unable to confirm the feedback concept uniformly (27) (28) (29) (30) (31) (32) (33) (34) . Finally, other data were similarly difficult to reconcile with the classical view, such as the stimulation of bile acid synthesis in the bile duct-ligated rat despite a 10-fold increase of hepatic bile acid concentration (35) .
In an effort to gain more insight into the mechanisms of control involved in bile acid synthesis, we have recently found a distinct difference between taurocholic or cholic acid' given as a dietary supplement as opposed to an intravenous infusion (32) . It was further demonstrated that colectomy stimulated basal bile acid synthesis in the rat severalfold and partly prevented the suppressive action of dietary cholate. Taken together these findings pointed to an important role of colon-derived secondary bile acids as feedback regulators. The present study, therefore, systematically defined the role ofprimary and secondary bile acids in regulating hepatic synthesis of individual bile acids in the rat with an extracorporal bile duct.
Methods
Animals and surgical procedures. Male Wistar derived rats (Chbb-THOM; Thomae, Biberach, FRG) weighing 250-300 g were given a pelleted standard diet (Altromin 1314; Altromin, Lage, FRG) ad lib. After 1 wk under light cycling conditions an extracorporal bile duct was established as described by Weis and Barth (36) .
Experimental setup and infusates. After another week with intact enterohepatic circulation the animals were restrained in a Bollmann cage. The external loop was cut and connected to a PE 86 tubing on both ends for duodenal infusion and bile drainage via the distal and proximal bile duct, respectively. Bile was collected at 3-h intervals using a fraction collector.
While in the restraining cage the animals were administered food and water ad fib. The average food consumption was 15 g/d and did not differ between groups. In addition, they were infused with a standard solution including 33.8 mM bicarbonate (32) . The various bile acids (Sigma Chemical GmbH, Munich, FRG) were added to the complete infusate at concentrations chosen to achieve the required dose at an infusion rate of 2 ml/h using a precision pump (Unita Ib; B. Braun, Melsungen, FRG).
Finally, labeled bile acids were included as specified to allow for the calculation of recoveries and synthesis rates of the infused bile acids.
[ A micellar solution of 46.7 mM taurocholic acid, 0.3 mM cholesterol, and 4.9 mM dipalmitoyl lecithin (all from Sigma Chemical GmbH) was prepared as described by Stone et al. (37) . For a separate set of experiments pooled rat bile from normal animals with a bile fistula for up to 18 h was lyophilized and the residue dissolved in an infusate volume adequate for the required bile acid dose. The total bile acid concentration was 48.3 mM with tauromuricholic acid accounting for 11.3% of bile acid mass, taurocholic acid 85.9%, taurochenodeoxycholic acid 1.5%, taurodeoxycholic acid 0.5%, and. cholic acid 0.8%. The concentrations of cholesterol and phospholipids were 0.36 and 5.7 mM, respectively. In the various experiments listed in Table I the recoveries in bile of the infused labeled bile acids varied between 86.2 and 104%.
Two different types ofexperiments were performed. In the first set bile acids were infused for 54 h and bile acid synthesis was quantitated during the derepressed phase between 30-54 h under continuous infusion directly using HPLC (mass), or by isotope dilution using HPLC with on-line liquid scintillation counting. In the second set of experiments bile acids were infused for 54 h, followed by a tracer dose during the final 54-78 h of the experiment, allowing direct estimation of synthesis from the secreted bile acid mass after depletion ofthe infused bile acid pool after 60 h. At the end of the experiments the animals were bled and glutamate-pyruvate transaminase (SGPT),2 glutamate dehydrogenase (GLDH), and alkaline phosphatase activity were determined using Merckotest kits (E. Merck, Darmstadt, FRG).
Analytical methods. Bile acids were extracted from 0.5 ml of fresh bile according to Tietz et al. (38) . The various bile acids were quantitated by HPLC as described previously (32) using a system with a differential refractometer (Waters Associates, Milford, MA) and a Lichrosorb RP 18 column (E. Merck). The radioactivity ofthe eluting bile acid peaks was measured directly using an on-line liquid scintillation counter (Ramona 4 LS; Raytest, Pforzheim, FRG). Biliary lipids were assayed as detailed (32) .
Calculations. The synthesis rates of those bile acids that were not administered or metabolites of infused bile acids were derived directly from their rates of mass secretion after pool depletion. In contrast, the synthesis rates of the bile acids infused were calculated using the Wilson formula (28) 250 gmol/kg per h in these animals. After the nadir between 6 and 9 h the derepression of synthesis was proportionally much greater for taurocholic than for taurochenodeoxycholic acid, and even less for tauromuricholic acid. Conspicuously, all three major primary bile acids exhibited a distinct diurnal rhythm, but the time ofpeak activity was not synchronous but dissociated by 3-6 h.
Bile acid secretion and synthesis during the infusion of taurocholic acid or cholic acid with and without cholesterol.
During the infusion of ['4C]taurocholic acid no radioactivity was detectable in tauromuricholic or taurochenodeoxycholic acid. Thus, after pool depletion the secretion rates ofthese bile acids were identical with their rate ofde novo synthesis even in the presence of a taurocholic acid infusion.
Surprisingly, neither taurocholic acid nor cholic acid effectively suppressed the derepressed tauromuricholic or taurochenodeoxycholic acid synthesis even at a dose close to 300
Amol/kg per h (Fig. 2) . It should be noted that this dose is higher than the normal rate of total bile acid secretion in these rats and also exceeds control taurocholic acid secretion threefold. Even a dose of 503 gmol/kg per h administered for 54 h did not affect tauromuricholic acid synthesis at 60-63 h after washout of the infused bile acid, although taurochenodeoxycholic acid formation was decreased by 35% (Fig. 3) .
Similarly, taurocholic acid synthesis was not altered during the infusion of 302 gmol/kg per h of taurocholic acid (Figs. 2 and 3) and the slight decrease (28%) during the infusion of a comparable dose of cholic acid was not statistically significant ( Fig. 2) . However, at the high dose of 503 Atmol/kg per h of taurocholic acid given for 54 h (Fig. 3) , taurocholic acid nadir secretion (i.e., synthesis) was inhibited by 33%. Taurodeoxycholic acid appeared in bile at a rate of 2 Amol/kg per h during this infusion (Table I ). Both bile flow and cholesterol as well as phospholipid secretion were stimulated during the bile acid infusions, particularly during the infusion of cholate (Table I) .
In an attempt to rule out specific effects of whole bile as opposed to bile acids alone, a micellar solution of taurocholic acid (308 ,moi/kg per h), phospholipids (32 ,umol/kg per h) and cholesterol (2.1 Amol/kg per h) was infused. Under these experimental conditions both tauromuricholic and taurochenodeoxycholic acid synthesis were slightly inhibited (by 23 and 26%, respectively), but taurocholic acid synthesis again was unchanged (Fig. 2) . Comparable results were obtained with lyophilized rat bile adjusted to a total bile acid infusion dose of 321 ,mol/kg per h (data not shown).
Bile acid secretion and synthesis during the infusion of taurocholic plus taurochenodeoxycholic acid. In another series of experiments the effect of taurochenodeoxycholic acid on rates of bile acid synthesis was determined in the presence of taurocholic acid to reduce the potential toxicity of the former bile acid. At the lower dose of 53 ,umol/kg per h of taurochenodeoxycholic acid plus 263 of taurocholate, the rate of tauromuricholic acid formation was even stimulated despite correction for the flux of taurochenodeoxycholic acid into tauromuricholic acid (Fig. 4) , but the other bile acids were Figure 1 . Rates of taurocholic (TC), taurochenodeoxycholic (TCDC), and tauromuricholic acid (TMC) secretion after interruption of the enterohepatic circulation via the extracorporal bile duct.
The initial rates are given for the 0-0. (Table I) . presence of additional taurocholic acid, its effect on taurochoFinally, it is important to note that none ofthe various bile lic acid synthesis was even more pronounced and also exacids administered adversely affected SGPT, GLDH, or alkatended to taurochenodeoxycholic acid (-33%) (Fig. 5) .
line phosphatase levels (Table II) . On the other hand, although During the phase after cessation of the infusion, a combithe various bile acids appeared to differ with respect to their nation of taurocholic acid and deoxycholic acid at lower doses choleretic effect, none clearly diminished bile flow as an indi-(254 plus 24 zmol/kg per h or 285 plus 15 ,tmol/kg per h, cation of a cholestatic effect. respectively) also inhibited nadir secretion (i.e., synthesis) of taurocholic acid by 41 and 36%, respectively (Fig. 6) . Table I . Values represent the means±lSEM. *P < 0.05; **P < 0.01 vs. controls.
provide a physiological rate of transhepatic flux, since principally at least maintenance of this flux should be necessary to prevent the derepression of bile acid synthesis. Both the extracorporal bile duct technique and a complex infusion mixture including bicarbonate to avoid metabolic acidosis (30, 32) may have contributed to the virtual lack of bile acid toxicity in the present studies. It should also be emphasized that in this study potentially toxic hydrophobic bile acids like taurochenodeoxycholic or deoxycholic acid (40, 41) were antagonized by a concomitant supply ofthe more hydrophilic and less toxic (40) taurocholic acid. The lack of hepatic toxicity was documented by near normal SGPT, GLDH, and alkaline phosphatase activity at the end of the experiment. None of the bile acid infusions reduced bile flow or the secretion of biliary lipids as compared with controls. In addition, the effects on bile acid synthesis were specific, since taurocholic acid formation was more sensitive to feedback inhibition by the dihydroxy bile salts than taurochenodeoxycholic acid, and tauromuricholic acid was completely spared. Such a differential response is not consistent with overall hepatic toxicity of these agents.
Taurocholic acid, as reported for the acute bile fistula rat (32) , was formed at normal rates even in the presence of a taurocholic acid infusion rate up to 300 Amol/kg per h (i.e., more than threefold higher than the taurocholic acid secretion and equivalent to total bile acid secretion in the extracorporal bile duct animals). However, at a very high dose of -500 gmol/kg per h, which was accompanied by the appearance of Serum enzyme activity was measured in a group of normal animals (n = 19) and in the groups detailed in Table I after the bile acid infusions. Each value represents the mean± 1 SEM.
* P < 0.01 compared with normals.
deoxycholate in bile, taurocholic acid synthesis was indeed suppressed. Thus, taurocholic acid did not act as a strong inhibitor of its own synthesis. The unconjugated cholate was somewhat more effective, but the slight suppression achieved was not statistically significant. Similar to taurocholic and cholic acid, the inhibitory doses of taurochenodeoxycholic acid (100 ,umol/kg per h) exceeded the rates of normal biliary secretion 10-fold, suggesting that this bile acid also is not a physiological inhibitor.
In contrast, both deoxycholate and its taurine conjugate were found to be very effective inhibitors of taurocholic acid formation at much lower doses between 15 and 50 ,mol/kg per h both in the absence or presence ofadditional taurocholic acid. Several points argue in favor ofa physiological role ofthis secondary bile acid. First, the minimal effective dose of deoxycholic acid used in this study of 15 ,umol/kg per h was rehydroxylated efficiently in the liver, leaving only 7 umol/kg per h for secretion in bile. This is quite close to the normal rate of deoxycholic acid secretion of 6 ,umol/kg per h in these animals, which is almost certainly an underestimate ofthe physiological flux to the liver. This flux is difficult to determine since data on bile acid concentrations in rat portal blood are scanty (24, 42) . We have therefore determined deoxycholic acid levels in postprandial rat portal serum by gas liquid chromatography and found a mean of 21. Second, the stimulation ofbile acid synthesis after elimination of secondary bile acids by colectomy and the reduction of the effect of cholic acid feeding in these animals is also consistent with an important regulatory role of these secondary bile acids in the live rat (32) . Moreover, the induction of bile acid formation during bile duct ligation despite an elevation ofbile acid concentrations in the liver (35) may also be explained, since under these conditions deoxycholic acid formation in the colon is prevented. The findings of the present study are also compatible with the absence offeedback regulation by primary bile acids in isolated or cultured hepatocytes (24) (25) (26) , where deoxycholic acid is too toxic to allow the direct experiment. Finally, it is striking that the inhibition of synthesis by deoxycholate of different bile acids (taurocholate > taurochenodeoxycholate > tauromuricholate) follows the same order as the degree ofderepression (Fig. 1) , also suggesting a physiological role of this secondary bile acid.
It is quite possible that the disagreement in the literature on the question of a feedback regulation during intraduodenal taurocholate infusion is due to variable formation of secondary deoxycholate (1, 5, (27) (28) (29) (30) (31) (32) . The lack of effect of taurocholate at a dose of 240-300 ,umol/kg per h is in agreement with recent work in the field (29) (30) (31) (32) , but doses ranging from 360 (31) to 500 in the present study clearly were suppressive. However, it is possible that this effect was also mediated by deoxycholate that appeared in bile.
Whether the proposed regulation by deoxycholic acid and possibly other secondary rather than primary bile acids holds true in other species is still unresolved, but recent findings in the rabbit (44) are compatible with this concept. In the hamster deoxycholic acid appears to be extremely toxic (45) , whereas in the baboon deoxycholic acid was the single most potent feedback inhibitor of bile acid synthesis (14). In man, most (16, 17, 19) but not all (34) of the available evidence supports a role for deoxycholic acid as feedback inhibitor. It has also been suggested that this bile acid is instrumental not only in regulating bile acid pool sizes but also in affecting biliary cholesterol saturation (46) (47) (48) (49) . This may well have a bearing on cholesterol gallstone disease, since in some studies there was a relationship between deoxycholic acid and cholesterol in bile (50) . On the other hand, at least a subgroup of gallstone patients has low rates of bile acid synthesis (51) and low pool sizes (52) . Moreover, clinical situations with an increased bile acid loss through dysfunction or resection of the terminal ileum are accompanied by a compensatory increase in bile acid synthesis (53) and are often characterized by a low deoxycholate pool size (54) .
In conclusion, deoxycholic acid appears to be a major determinant oftaurocholic and taurochenodeoxycholic acid synthesis in the rat and possibly in other species. However, the modulation ofthe synthesis ofthe various primary bile acids in the rat differs, suggesting that their regulation is not coordinated by the same mechanisms of control.
